MODIS collects data in 36 spectral bands, with wavelengths from 0.41 to 14.4μm, and at three nadir spatial resolutions: 0.25km, 0.5km, and 1km. MODIS reflective solar bands (RSB) on-orbit calibration is performed using an on-board solar diffuser (SD) and a solar diffuser stability monitor (SDSM). In addition to calibration coefficients, the SD observations are used to characterize detector signal-tonoise ratios (SNR). Due to spacecraft movement, the SD panel solar illumination angles change continually. Consequently, each detector's response to the SD varies continuously with the solar illumination onto the SD, enabling its SNR to be determined at different responses or signal levels. On-orbit results show that both Terra and Aqua MODIS RSB detectors have performed well since launch. Except for a few noisy and inoperable detectors identified pre-launch, most RSB detectors continue to meet the SNR requirements.
INTRODUCTION
Since launch, MODIS has operated successfully on-board the NASA Earth Observing System (EOS) Terra spacecraft for more than eight years and on-board the EOS Aqua spacecraft for more than 6 years [1] . MODIS is a passive cross-track scanning radiometer that makes observations in 36 spectral bands with spectral wavelengths spanning from visible (VIS) to long-wave infrared (LWIR) and has spatial resolutions at nadir of 0.25km (bands 1-2, 40 detectors each), 0.5km (bands 3-7, 20 detectors each), and 1km (bands 8-36, 10 detectors each). MODIS bands 1-19 and 26 are the reflective solar bands (RSB) with wavelengths from 0.41 to 2.2μm. They are calibrated on-orbit using an onboard solar diffuser (SD) and solar diffuser stability monitor (SDSM) system. The remaining 16 spectral bands are the thermal emissive bands (TEB) with wavelengths above 3.5μm. Bands 3, 4, and 8-12 are located on the visible (VIS) focal plane assembly (FPA) and bands 1, 2, and 13-19 on the near-infrared (NIR) FPA. The short-wave infrared (SWIR) bands 5-7 and 26 are located on the same FPA as the TEB mid-wave infrared (MWIR) bands, called SMIR FPA [2] [3] [4] [5] . All detectors in each spectral band are aligned in the cross-track direction. There are a total of 330 RSB and 160 TEB detectors.
In this paper, we describe an on-orbit signal-to-noise (SNR) characterization approach developed to evaluate and track MODIS RSB detector performance. This approach uses RSB detector responses to the SD when it is illuminated by the sunlight during its regular on-orbit calibration time frame, when the solar illumination angle to the SD panel changes continuously with the spacecraft movement. As a result, each detector's response to the SD, even within the same scan, varies continuously with the source illumination onto the SD, enabling its SNR to be characterized at different signal levels. In this approach, MODIS RSB detector responses to the solar illumination reflected from the SD are corrected for solar illumination angles and SD bi-directional reflectance factor (BRF). This approach has been recently applied by the MODIS Characterization Support Team (MCST) at NASA/GSFC to re-evaluate the RSB detector SNR for both Terra and Aqua MODIS over their entire missions. On-orbit results show that MODIS RSB detectors have performed well since launch. Except for a few noisy or inoperable detectors which were identified pre-launch, most RSB detectors continue to meet the SNR design requirements and are able to maintain satisfactory short-term stability. Due to a relatively large decrease in its on-orbit response, the SNR of band 8 at 0.41μm has gradually been reduced to a level slightly below the design specification.
MODIS RSB SNR CHARACTERIZATION
For MODIS RSB, the Level 1B (L1B) calibration algorithm produces top of the atmosphere (TOA) reflectance factors and radiances for each Earth view pixel. The RSB radiometric calibration requirements, specified at typical scene radiances (Table 1) , are 2% for the reflectance factors and 5% for the radiances. Also specified at the typical scene radiances are the signal-to-noise ratios (SNR) for all RSB spectral bands and detectors. Each detector's SNR is a key performance indicator, directly impacting its radiometric calibration accuracy and stability, as well as image quality.
For both Terra and Aqua MODIS, the RSB detector SNR was fully characterized pre-launch using a large aperture spherical integration source (SIS) operated at different lamp configurations (radiance levels). Multiple data samples and scans were collected at each lamp configuration. Prior to launch, there were 20 noisy detectors (all in band 7) and 0 inoperable detector for Terra MODIS RSB. Aqua MODIS, however, had 11 detectors in band 6 and 1 in band 5 that were identified as inoperable and an additional detector in band 6 as noisy. Because of this, band 6 in Aqua MODIS has not been used to derive any data products. MODIS RSB on-orbit calibration is performed on a regular basis using a SD. Each detector, or its sub-frame (2 sub-frames for each 0.5km resolution detector and 4 subframes for each 0.25km resolution detector), collects 50 data samples every scan over the SD sector. Figure 1 illustrates a detector response (from the first sample of each scan) versus the Sun elevation angle (or scan) during a typical SD calibration sequence when the spacecraft is over the polar region. The RSB calibration coefficients are derived from scans within the "sweet spot" range, marked by the vertical dotted lines in Figure 1 , in which the SD panel is fully illuminated. When the SD is fully illuminated, detector responses are nearly constant over each scan's 50 data samples, but slowly vary with solar angles and SD BRF from scan to scan. Although the SNR can be characterized at different levels when the SD is fully illuminated, the range of detector signals or responses is still very limited and often far away from its response to the typical radiance. In order to improve MODIS RSB SNR on-orbit characterization, an approach has been developed to extend the signal range by including detector responses outside the "sweet spot" range, even when the SD is only partially illuminated. Figure 2 shows the same detector's (Fig. 1) responses versus 50 data frames samples for 6 different scans, including cases with full and partial SD solar illumination. The first frame of each scan was also marked in Figure 1 . In general, the scan-by-scan variation of each detector's response is much higher than the sample-to-sample variation within the same scan. Within each scan, the response variations among 50 data samples, considered to be nearly monotonic, are very small when the SD is fully illuminated, when compared to the partial illumination cases.
In this study, the RSB SNR is characterized on a scanby-scan basis. Each scan is divided into 2 segments with each containing 30 data samples. The 10 middle samples in each scan are included in both segments. A simple linear fitting is applied to each segment. The SNR is determined by the ratio of each detector's average signal to the linear fitting's standard deviation. For each fully illuminated scan, two SNR values are derived at two nearly identical signal levels. On the other hand, for each partially illuminated scan, the two SNR values are derived at two noticeably different signal levels. The final results are scaled at the specified typical radiances in order to compare with sensor design requirements.
RESULTS AND DISCUSSIONS
We have applied this approach to both Terra and Aqua MODIS to evaluate their RSB SNR. Results, averaged over detectors in each spectral band, are presented in Figures 3  and 4 on a yearly basis. Inoperable detectors or out-offamily detectors are not included for the band average, except when all detectors in the same spectral band are noisy (e.g. Terra MODIS band 7). For comparison purposes, the results are normalized to sensor specified requirements (values > 1: exceed specifications).
Terra MODIS
Terra MODIS has been in operation for more than 8 years. The SNR for bands 1-7, 17-19, and 26 are generally very stable ( Figure 3 ). Noticeable changes in bands 8-16 (ocean color bands with high gains and high SNR requirements) from 2003 was primarily due to changes of data used for SNR calculation. Prior to this change, RSB calibration was made with and without an attenuation screen. The SNR characterization only uses data without the SD screen (SDS). In May 2003, an SD door operation anomaly led to a decision to keep the SD door permanently at open position and the SDS in place. Subsequently, all SNR characterization has to be made using data collects with additional noise contributed by the SDS due to its viewing geometry dependent transmission. For band 7, all detectors were identified to be noisy based on pre-launch measurements. On-orbit observations indicate similar behavior. For band 8, at 0.41μm, the on-orbit SNR has slowly decreased to below its specification. This is mainly due to a large decrease of its response (signal) over time.
Aqua MODIS
Since launch, Aqua MODIS has operated successfully for more than 6 years. In general, its on-orbit performance has been better than its predecessor, Terra MODIS, including its SNR characterization. As shown in Figure 4 , all spectral bands continue to meet the specified SNR requirements, including all detectors in band 7. Since the same type of data sets, SD observations without SDS, have been used for Aqua MODIS SNR characterization, results in Figure 4 have been extremely stable. Like Terra MODIS, band 8 onorbit response (or detector gain) of Aqua MODIS band 8 has also experienced relatively large degradation. Consequently, there has been a gradual decrease over time of band 8 SNR. A similar, but slightly smaller, degradation trend is also seen in band 9 SNR results. For band 6, there have been many inoperable detectors. The only remaining operable detectors are included in SNR characterization. After more than 8 years of on-orbit operation, only 2 additional RSB detectors (both in band 5) have been identified as noisy in Terra MODIS and all detectors are operable. For Aqua MODIS, only band 6 has one additional inoperable detector and one noisy detector. All the other RSB detectors have performed within specifications. Compared to RSB, the TEB on-orbit noise characterization is relative simple, since an on-board blackbody (BB) is the primary calibration source and its temperatures can be operated continuously from the instrument ambient temperature of about 270K to 315K. 
SUMMARY
This paper has described an on-orbit noise characterization approach developed by the MODIS Characterization Support Team to track RSB detector performance over the entire missions of both Terra and Aqua MODIS. This approach utilizes RSB detector responses to the SD when it is either partially or fully illuminated by the sunlight during each regularly scheduled SD calibration event. With noise characterization made at different responses (signals) over a wide range, the SNR can be derived at any specified signal level, including typical radiance level for all RSB detectors. On-orbit results show that MODIS RSB detectors have performed well with most detectors (excluding those identified as noisy or inoperable) continuing to meet sensor design requirements. Only the band 8 (at 0.41μm) SNR has gradually deteriorated to below its specification, largely due to significant degradation of its responses over time.
